Transient imbalance of the cardiac autonomic nervous system is common in the acute period after cervical spinal cord injury. Loss of sympathetic nervous tone causes hypotension, while bradycardia may occur because of an unopposed increase of vagal tone. In extreme cases, this imbalance may lead to cardiac arrest. 1.~ In addition, quadriplegic patients with stable haemodynamics have been shown to have interrupted sympathetic outflow with increased vagal activity. 3 We investigated two patients with cervical spinal cord trauma followed by transient bradycardia, which improved over several days. We demonstrated a transient increase of parasympathetic vagal tone in these patients using power spectral analysis of heart rate variability.
Transient imbalance of the cardiac autonomic nervous system is common in the acute period after cervical spinal cord injury. Loss of sympathetic nervous tone causes hypotension, while bradycardia may occur because of an unopposed increase of vagal tone. In extreme cases, this imbalance may lead to cardiac arrest. 1.~ In addition, quadriplegic patients with stable haemodynamics have been shown to have interrupted sympathetic outflow with increased vagal activity. 3 We investigated two patients with cervical spinal cord trauma followed by transient bradycardia, which improved over several days. We demonstrated a transient increase of parasympathetic vagal tone in these patients using power spectral analysis of heart rate variability.
Case 1
A previously healthy 23-year-old male was admitted to our intensive care unit (lCU) after sustaining a neck injury by diving into shallow water. He was conscious on admission, but quadriplegic and apnoeic, and was intubated immediately. Magnetic resonance imaging (MRI) revealed an intraspinal haematoma at the CI-C2 level, which was considered inoperable by the orthopaedic surgeons. The level of analgesia to pin-prick was C2 at the right mammary line and C8 on the left. Lead II of the electrocardiogram (ECG), radial artery pressure (AP), impedance plethysmogram and rectal temperature were monitored continuously and recorded during his stay in ICU. On admission, his vital signs were normal with a heart rate (HR) of 60-100 beats/min and an AP of 100-120/60-70 mmHg. His respiration was controlled by mechanical ventilation. He was sedated with midazolam at night and allowed to remain awake during the daytime. He received intravenous famotidine 200 mg/day and rectal diclofenac 100 mg/day. His neck was immobilised by skull traction using Crutch field tongs. On hospital day 2, bradycardia and hyperthermia developed with a rectal temperature of 39.8°C, HR of 40-50 beats/min, and AP of 80-90/40-50 mmHg. Additional large volumes of intravenous fluid were given and intravenous hyperalimentation was initiated. Surface cooling was also started. Intermittent intravenous injections of isoprenaline 0.05 mg were repeated whenever HR was below 50 beats/min. The bradycardia became most severe on day 6, while the level of skin analgesia did not change. After one week, HR and AP were restored to normal and the rectal temperature decreased to 37.0°C. Surface cooling was then ceased. By day 30 he was able to breathe without ventilatory support during the daytime and to move his left arm. On day 60, MRI revealed only traces of the intraspinal haematoma and weaning from the ventilator was commenced. On day 80, he no longer required any ventilatory support and was transferred to the general ward. The level of skin analgesia was C2 on the right side and T2 on the left. He remained free from infection throughout his stay in ICU.
Case 2
A previously healthy 17-year-old male was admitted to our ICU four hours after sustaining cervical contusion and left femoral and tibial fractures in an automobile accident. On admission, he was quadriplegic but not apnoeic. He complained of dyspnoea and showed reduced movement of the right hemithorax. The level of analgesia was CS at the right mammary line and T2 on the left. His vital capacity was 40070 of the predicted normal value. Arterial blood gas analysis showed a P a 02 of 42 mmHg and PaC02 of 33 mmHg while breathing room air. However, no ventilatory support was required because PaOz increased to 101 mmHg after administration of oxygen via a facemask at 3 IImin. Monitoring included a pulseoximeter, ECG, direct AP measurement, and an impedance plethysmogram. The chest X-ray showed normal lung fields and no phrenic nerve paralysis, as evidenced by the absence of diaphragmatic elevation.
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CT scanning of the upper thoracic and cervical spine indicated that cervical cord swelling extended from C6 to T3 and the lesion was assessed as inoperable by the orthopaedic surgeons. His neck and shoulders were then immobilised using skeletal traction. He received intravenous famotidine 200 mg/day, intravenous methylprednisolone 500 mg/day for three days, and intravenous hyperalimentation throughout his stay in ICU. Blood transfusion was also initiated, and the total volume given was 2,600 ml in the first three days. Bradycardia developed on day 2 and persisted for a week. The vital signs were as follows: rectal temperature 37.4 QC, HR 35-60 beats/min, and AP 90-100/50-60 mmHg. He was cooled with a water-filled blanket. On day 3 he was able to raise his left arm, but the other extremeties remained paralysed and the level of skin analgesia did not change. On day 14, arterial blood gas analysis showed a Pa02 of 94 mmHg and PaC02 of 44 mmHg while breathing room air, and HR was 70-90 beats/min without marked fluctuations of the AP. The level of skin analgesia was C5 on the right and T3 on the left. His vital capacity improved to 800/0 of normal although paraplegia and right arm paralysis persisted. He was then discharged from ICU. He did not require either ventilatory or vasoactive drugs throughout his ICU stay. No serious complications were observed throughout his stay in ICU.
Spectral analysis of heart rate variability
Impedance respiratory signals showing the respiration rate and the ECG were continuously recorded on magnetic tape in our ICU. The tape was replayed to find segments without artifacts on the ECG channel for analysis. We have developed a computer program for off-line power spectral analysis using a microcomputer and a 14 bit A/D converter. Using the converter, the taped ECG was digitised at 500 Hz to produce an R-R interval tachogram, and then the tachogram, recorded for 256 sec., was subjected to obtain 1,024 HR data points'" by sampling at 4 Hz. These data were subjected to a fast Fourier transformation-based windowed periodogram method using a rectangular local window, a low-pass digital filter with a cutoff frequency of 1 Hz,' and were normalised by the square of the mean of the signals. '.' Spectral accuracy of the whole analytical procedure was confirmed by Berger's method.' The power spectral density of the low frequency (LF: 0.04-0.15 Hz) peak area was integrated to monitor combined parasympathetic and sympathetic activity, while the high frequency (HF: 0.15 -0.40 Hz) peak area was integrated to assess parasympathetic nervous tone including respiratory frequency. The daily changes Anaesthesia and Intensive Care. Vol. 2/, No. 2, April, /993 of these peaks and the high frequency/low frequency (HF/LF) peak area ratio were calculated to follow changes in the balance of the autonomic nervous system. 6 ECG artifacts were carefully excluded by replaying the tape and segments without noise were used for analysis.
A significant increase in the HF/LF ratio was observed on day 6 in case 1 and on day 2 in case 2 (Figure 1, Table 1 ). In both patients, bradycardia was observed several days after the incident and heart rate increased until discharge from ICU. This would suggest transiently increased parasympathetic tone which resolved as spinal cord function improved. t Obtained during controlled mechanical ventilation (see Figure I) .
## Variability is presented as the mean±SD obtained from 500 successive beats. Student's t-test with Bonferroni's correction was used for statistical analysis. ** P<O.OOI; *P<O.01 vs admission.
DISCUSSION
Power spectral analysis of HR variability showed a transient increase in cardiac parasympathetic vagal tone in two quadriplegic patients in the early stage of cervical spinal cord injury. In our patients, increased vagal tone was associated with bradycardia and hypotension on days 2 to 6. The HF/LF ratio then gradually decreased, suggesting restoration of the balance of cardiac autonomic nervous activity as paralysis improved.
A simple objective assessment of cardiac autonomic function can be obtained by analysis of HR variability. Power spectral analysis can elucidate the contribution of the autonomic nervous system to HR variability because it provides an indirect estimate of the cardiac sympathetic and parasympathetic activity. 4,7 The power spectrum includes a high frequency band that reflects parasympathetic activity and a low frequency band that reflects both sympathetic and parasympathetic activity. Many studies have suggested that the high frequency band corresponds to respiratory sinus arrhythmia,4,6,7 while the low frequency band is known to correspond to blood pressure oscillations occurring at 0.1 Hz as a result of baroreceptor activity.4,6 In this study, very low frequencies below 0.04 Hz were omitted, because they are believed to be related to the activity of the renin-angiotensin system and other neurohumoral influences as well as containing DC components. 6 ,9 Clinical studies have demonstrated that increased HR variability reflects an increase of vagal tone and/or decrease of sympathetic tone. 6 Absence of the low frequency component of the spectrum in quadriplegic patients may suggest a decrease in sympathetic nervous outflow, because the spinal sympathetic pathways linking the supraspinal cardiovascular centres with the peripheral sympathetic system are presumed to be in-terrupted at the site of cervical spinal cord injury. 3 Our patients had a transient increase in parasympathetic outflow on days 2 to 6 after injury, as evidenced by an increase of the HF/LF ratio. However, on discharge from ICU the HF/LF ratio had returned to the level seen on admission.
There are several factors that contribute to HR variability, including reflex responses to lung inflation mediated by thoracic stretch receptors, baroreceptor responses to arterial pressure variations produced by respiratory movements, reflexes with afferents in the right heart, and direct modulation of the vagal centre by the respiratory centre. The parasympathetic nervous system mediates the efferent control of HR variability via the vagus nerve and it is responsible for rapid changes in HR. 8 ,10 The increase of vagal activity which accompanied spontaneous ventilation in our patients was consistent with the above mechanism. The transient fluctuations of HR and AP in these patients were probably due to decreased sympathetic activity, increased vagal tone, and a disturbance of the peripheral circulation.
Patients with chronic cervical spinal cord injury may show a lack of spinally mediated sympathetic outflow, 3 although our patients had intact left-sided sympathetic activity. Thus, presentation of the C4-T2 cardiac sympathetic nervous outflow may occur in patients who are not completely quadriplegic.
On admission, case 1 had a low HF/LF ratio of 0.08 (median) compared with 0.53 in case 2. This difference in the ratio may have been related to spontaneous respiration in case 2 and the differing levels of spinal cord injury.
It has been suggested that daily analysis of HR variability can help to predict the recovery of spinal cord function. J,II Power spectral analysis of HR variability to monitor spinal cord injury may be useful.
